Introduction {#s1}
============

Awareness and concerns regarding global warming worldwide have focused recent research on the evaluation of climate change effects on human health ([@c61]). Climate change will affect human health in direct and indirect ways via increases in temperature, heatwaves, droughts, floods, changes in crop yield, and alterations in infectious diseases ([@c77]). It has been estimated that, globally, the average temperature will increase between 2.4 and 4.8°C by 2100 with, in addition, higher frequencies of hot days and longer heatwaves and less frequent cold days ([@c37]). Exposures to extreme temperatures, including both acute heat and cold exposures, have been associated with increased cerebrovascular, cardiovascular, and respiratory morbidity and mortality rates, especially in the elderly ([@c11]; [@c57]; [@c79]). However, recent evidence suggests that also *in utero*, exposures to both cold and heat are associated with adverse birth outcomes, such as a low birth weight and preterm births ([@c17]; [@c73]). This indicates a potential role of ambient temperature in fetal programming *in utero*.

Animal-based studies suggest a link of increased temperature exposures and increased body temperature with decreases in lifespan ([@c14]; [@c43]). Low human body temperature is associated with increased longevity in men from the Baltimore Longitudinal Study of Aging ([@c66]). Whether ambient temperature exposures may be involved in longevity in humans is unknown. However, Catalano et al. ([@c12]) showed, using time-series methods in large birth cohort studies composed of Danish, Finnish, Norwegian, and Swedish participants, that low ambient temperature during gestation was associated with longer lifespan in males, attributed to an increased proportion of fitter males that survive gestation.

Telomeres are the nucleoprotein structures at the end of chromosomes consisting of up to several thousands of tandem-repeated TTAGGG sequences ([@c8]). Due to the inability of DNA polymerase to fully replicate the lagging DNA strand during replication, telomeres shorten with each cellular division, and oxidative stress and inflammation caused by lifestyle, behavioral, and environmental factors may additionally increase telomere shortening. Most studies evaluated telomere length (TL) as a biological age marker in adults; however, recent evidence underscores the importance of telomeres at birth. TL is highly variable at birth ([@c26]; [@c60]), and both heritability and environmental factors operative *in utero* have been proposed to explain this variability ([@c22]). As TL at birth may be predictive of later-life TL ([@c6]) and lifespan ([@c35]) and may indicate susceptibility for later-life diseases ([@c4]), important determinants of newborn TL have recently been explored. Factors associated with shorter newborn TL include prepregnancy body mass index (BMI) ([@c56]), maternal stress ([@c24]; [@c69]), prenatal air pollution exposure ([@c55]; [@c63]), and proximity to major roads ([@c7]).

However, identifying and evaluating other important factors related to newborn TL may gain further insights into the developmental origins of TL-associated health and disease conditions later in life. Because ambient temperature exposure may relate to longevity, we hypothesized that prenatal exposure to ambient temperature may be associated with the biological aging process *in utero*, as reflected by newborn TL. Up until now, no evidence exists on the association between ambient temperature and TL in humans. However, animal-based studies using different fish species indicate a negative association between temperature and TL ([@c19]; [@c59]; [@c70]), and in an experimental study, TL of *Saccharomyces cerevisiae* was shorter after heat exposure ([@c65]). To test our hypothesis, we studied the association between newborn TL (measured in cord blood and placental tissue) and exposure to ambient temperature during pregnancy in the ENVIR*ON*AGE (ENVIRonmental influence *ON* early AGEing) birth cohort.

Methods {#s2}
=======

Study Population and Data Collection {#s2.1}
------------------------------------

This study included 1,295 mother--newborn pairs (all singleton births with $\geq 36\;{wk}$ of gestation) from the ongoing population-based prospective ENVIR*ON*AGE birth cohort study. Participants were recruited between February 2010 and December 2016 from Friday at 1200 hours to Monday at 0700 hours. Detailed study procedures are provided elsewhere ([@c41]). The study protocol was approved by the ethical committees of Hasselt University and East-Limburg Hospital in Genk (Belgium) and has been carried out according to the Declaration of Helsinki. To obtain a population of individuals having full data on both cord blood and placental TL for statistical analysis ($n = 1,103$), we excluded 192 individuals due to lack of exposure data ($n = 24$) and lack of TL in cord blood ($n = 47$) or in placenta ($n = 124$), of which 3 individuals had no TL evaluated in both cord blood and placenta.

Maternal prepregnancy BMI (${{kg}/m}^{2}$) was determined at the first antenatal visit (weeks 7--9 of gestation). The date of conception was estimated using the first ultrasound exam. After delivery, mothers provided informed consent and completed the study questionnaires in the postdelivery ward. Detailed information on maternal age, paternal age, maternal education, smoking status, fruit and vegetables consumption, physical activity, parity, and newborn ethnicity was collected. Maternal education was coded "low" when mothers did not obtain any degree, "middle" when they obtained a high school degree, and "high" when they obtained a college or university degree. Mothers were categorized as "never smoker," "former smoker" when they quit smoking before pregnancy, and "smoker" when smoking continued during pregnancy. Maternal consumption of fruit and vegetables was based on the number of portions as indicated by the mothers (estimated for the entire duration of pregnancy) and classified into the following categories: less than one portion per day, one portion per day, two portions per day, and three or more portions per day. Maternal physical activity was based on the amount of times a week (estimated for the entire duration of pregnancy) a mother indicated to be physically active for more than 20 min. This was coded "low" when mothers indicated to be active less than once a week, "middle" when indicated to be active once a week, and "high" when indicated to be active two or more times a week. Newborns were classified as "European-Caucasian" when two or more grandparents were European, and non-European when at least three grandparents were of non-European origin. Also, perinatal parameters such as birth date, newborn sex, and birth weight were obtained. Season of birth was defined based on date of birth and was categorized as "winter" (from 21 December to 20 March), "spring" (from 21 March to 20 June), "summer" (from 21 June to 20 September), and "autumn" (from 21 September to 20 December). Using the medical records obtained at the hospital, we identified pregnancy complications by the presence of one or more of the following conditions during pregnancy: gestational diabetes, hypertension, infectious disease, preeclampsia, vaginal bleeding, and hyper- or hypothyroidism. The ENVIR*ON*AGE birth cohort is generalizable to the gestational segment of the population at large, as it was similar to all births (1999--2009) in Flanders, Belgium, with respect to maternal age, education, parity, newborn sex, ethnicity, and birth weight ([@c16]). Maternal plasma and cord blood plasma vitamin D levels were measured with an electro-chemiluminescence immunoassay using the Modular E170 automatic analyzer (Roche).

Exposure Assessment {#s2.2}
-------------------

Daily mean temperature (ºC) and relative humidity (%) were measured at a representative measuring station (Diepenbeek, Belgium), and these data were provided by the Belgian Royal Meteorological Institute. This measuring station is the nearest to the recruitment hospital ($\sim 5.7\;{km}$), and is representative for the participants who on the average (5th to 95th percentiles), lived $13.7\;{km}$ (3.8 to 25.7 km) from the station. Starting from the date of conception, we calculated the mean weekly temperature for each week of pregnancy. As full exposure data are needed in distributed lag models, we restricted our analysis to 36 wk of gestation and excluded newborns with a gestational age less than 36 wk.

As exposure to ambient air pollution \[particulate matter with aerodynamic diameter $\leq 2.5\;\mu m$ (${PM}_{2.5}$)\] is associated with newborn TL ([@c55]), and the daily variation in air pollution concentrations is related to meteorological conditions including ambient temperature, we considered ambient air pollution a confounder. We modeled daily mean ${PM}_{2.5}$ concentrations (in ${\mu g/m}^{3}$) using a high-resolution spatial-temporal interpolation method (kriging) ([@c40]) in combination with a dispersion model ([@c48], [@c49]), as described previously ([@c41]). More than 80% ($R^{2} = 0.8$) of the temporal and spatial variability in ${PM}_{2.5}$ concentrations in the Flemish region of Belgium was explained by this interpolation tool ([@c54]). For weeks 1 to 36 of pregnancy, from the date of conception onward, a weekly mean ${PM}_{2.5}$ concentration was calculated using daily mean ${PM}_{2.5}$ concentrations at the mother's residence. Address changes of mothers ($n = 135$; 12.2%) during the period of pregnancy were taken into account when calculating the weekly exposures to ${PM}_{2.5}$.

Sample Collection and Average Relative Telomere Length Measurement {#s2.3}
------------------------------------------------------------------

Standardized procedures for umbilical cord blood and placental tissue collection for TL assessment have been described in detail previously ([@c41]; [@c56]). Umbilical cord blood was collected immediately after delivery in BD Vacutainer® plastic whole-blood tubes with spray-coated K2EDTA (BD). Samples were centrifuged at $3,200\text{ \ rpm}$ for 15 min, plasma was separated, and the remainder with the buffy coats were stored at $- 80{^\circ}C$. Placentas were collected and stored at $- 20{^\circ}C$ within 10 min of delivery. Four different placental biopsies ($1–2{\,{cm}}^{3}$) were taken underneath the chorioamniotic membranes at the fetal side at $\sim 4\;{cm}$ from the umbilical cord and were stored at $- 80{^\circ}C$ as described previously ([@c39]). Care was taken by visual examination and dissection to avoid chorioamniotic membrane contamination. As the average variation of TL within one placenta was low, i.e., 11.7% (measured for 4 biopsies in 14 placentas), only one biopsy taken to the right of the main artery was used for placental TL measurement. DNA was extracted from cord blood buffy coat and placental tissue using the QIAamp DNA Mini Kit (Qiagen). Average relative TL was measured in triplicate using a real-time PCR method, as described previously ([@c56]). In brief, we amplified the telomeric region using telomere-specific primers (telg and telc), and one single-copy gene was amplified (*36B4*) on a 7900HT Fast Real-Time PCR System (Applied 0Biosystems). Cycle thresholds of the telomere amplifications were normalized relative to the cycle thresholds of the single-copy amplifications using qbase software (version qbase+, Biogazelle). TLs were measured in two separate batches. Average relative TLs were therefore expressed as the ratio of telomere copy number to single-copy gene number (T/S) relative to the average T/S ratio of the entire sample set within each batch. Reaction efficiency was assessed on each reaction plate, and interrun calibrators were used to account for interrun variability. In batch 1, we measured 785 cord blood and 648 placental telomeres; in batch 2, we measured 318 cord blood and 455 placental telomeres. For cord blood, the triplicates of the telomere runs, single-copy gene runs, and T/S ratios showed coefficients of variation (CV) of 0.69, 0.43, and 6.8%; while for placental telomeres, the CVs were 0.75, 0.45, and 7.1%, respectively.

Statistical Analysis {#s2.4}
--------------------

We used distributed lag nonlinear models (DLNMs) to model the association between $\log_{10}\text{-transformed}$ TL and average weekly mean temperature during gestational weeks 1 to 36. A DLNM is defined through a cross-basis function, which allows the simultaneous estimation of a nonlinear exposure--response association and nonlinear effects across lags, the latter termed lag--response association ([@c30]). In the first stage, the temperature--TL association was modeled using a natural cubic spline with 5 degrees of freedom (df), placing spline knots at equally spaced values of the actual temperature range to allow enough flexibility in the two ends of the temperature distribution. The median weekly average temperature (11.1°C) was used as the reference value to calculate estimates. As the exposure--response curve obtained by the natural cubic spline DLNM was relatively flat at average temperatures, and associations between temperature and TL were only observed at both ends of the temperature distribution, we applied a double-threshold DLNM in the second stage. A double-threshold DLNM implies no association between temperature and the outcome for temperatures between the cold and the heat threshold, whereas the association between temperature and the outcome is assumed to be linear below the cold threshold and above the heat threshold. We tested multiple cold thresholds (in 0.5°C gaps) from $- 3.0{^\circ}C$ (1st percentile) to 6.0°C (25th percentile) and heat thresholds from 15.0°C (75th percentile) to 22.0°C (99th percentile) and searched for the combination that minimized the residual deviance of the model. We then calculated the percent difference in TL for a 1°C decrease in temperature below the cold threshold and for a 1°C increase above the heat threshold. In all analyses, the lag structure was modeled using a natural cubic spline with 5 df, with knots at equally spaced values in the original lag scale (1 to 36 wk). We also included a cross basis for ${PM}_{2.5}$ in the model ([@c55]). The ${PM}_{2.5}–\text{TL}$ function was assumed to be linear, and the lag structure was modeled using a natural cubic spline with 5 df (with knots at equally spaced values in the original lag scale). In addition, we accounted for *a priori* selected covariates that included known determinants of newborn or adult TL and variables with a potential link with ambient temperature and TL, such as date of delivery, season of birth, gestational age, maternal and paternal age, maternal prepregnancy BMI, newborn sex, ethnicity, parity, maternal smoking status, maternal education, pregnancy complications, and batch of TL measurement. The Akaike information criterion was used to compare the fit of models ([@c31]).

Additionally, average effect estimates of the weekly-based estimates over the different weeks (weeks 1--36) of pregnancy were calculated and expressed as a percent difference in TL for a 1°C decrease below and above the cold and heat thresholds, respectively. In addition, we ran postnatal exposure models, using average weekly temperatures for 36 wk after delivery, to evaluate the presence or absence of postnatal exposure associations, using the same model specifications as described above. We calculated 36 wk averaged postnatal effect estimates, which were compared with the averaged prenatal effect estimates. In addition, the average prenatal effect estimates were compared in different sensitivity analyses. In the first sensitivity analysis, we used an unconstrained DLNM to define the lag structure, that is, a model in which the weekly mean exposures ($n = 36$) are entered as separate variables ([@c68]; [@c81]). Also, we adjusted our model for month of delivery instead of season of birth, and we tested the exclusion of the cross basis for ${PM}_{2.5}$ and the inclusion of a cross basis for humidity (linear exposure--response function and 5 df for the lag structure). We additionally adjusted our models for maternal fruit and vegetables consumption, physical activity, maternal plasma and cord blood plasma vitamin D levels, and our cord blood TL models for white blood cell counts and the percentage of neutrophils, lymphocytes, monocytes, and eosinophils. We also checked whether results were robust to the exclusion of newborns from non-European origin, mothers with low education, current or former smokers, mothers with complications during pregnancy, and those who had a caesarean section. Finally, we ran models by newborn sex. All analyses were performed with the statistical software R (Version 3.5.1, R Development Core Team) using the dlnm package ([@c29]).

Results {#s3}
=======

Characteristics of the Study Population {#s3.1}
---------------------------------------

General characteristics of the study population ($n = 1,103$) are provided in [Table 1](#t1){ref-type="table"}. The newborns, which included 529 (48.0%) girls, had a mean \[standard deviation (SD)\] gestational age of 39.4 (1.1) wk and mean (SD) birth weight of 3,455 (440) g. Most (86.9%) of the newborns were Europeans of Caucasian ethnicity. Mothers had a mean (SD) age of 29.3 (4.5) y and a prepregnancy BMI of $24.4\,\left( 4.7 \right){\,{kg}/m}^{2}$. Most of the mothers (64.3%) did not smoke during pregnancy and obtained at least a secondary school degree (88.8%). A total of 575 (52.%) mothers were primiparous and 396 (36%) secundiparous. Fathers had a mean (SD) age of 31.7 (5.1) y. The average weekly mean (5th to 95th percentile) ambient temperature during pregnancy was 10.8°C (1.0, 19.6). In [Table 2](#t2){ref-type="table"}, we show temperature characteristics for the first week of conception presented by different seasons of conception to show temperature variability across individuals within different seasons. Average weekly mean (5th to 95th percentiles) residential ${PM}_{2.5}$ exposure was $12.6{\,\mu g/m}^{3}$ (4.2--$30.1{\,\mu g/m}^{3}$), and the annual mean ${PM}_{2.5}$ (5th to 95th percentiles) concentrations of $12.7{\,\mu g/m}^{3}$ (9.4--$15.9{\,\mu g/m}^{3}$) observed in the ENVIR*ON*AGE birth cohort are currently above the World Health Organization guidelines for ${PM}_{2.5}$ exposure ($< 10{\,\mu g/m}^{3}$ for annual mean ${PM}_{2.5}$ concentrations and $< 25{\,\mu g/m}^{3}$ 24-h mean exposure). Cord blood and placental TL ranged from 0.51 to 1.74 and from 0.40 to 2.0, respectively. Cord blood TL and placental TL were correlated ($r = 0.41$; $p < 0.0001$).

###### 

Mother--newborn characteristics ($n = 1,103$) of a subset of live singleton births $\geq 36\;{wk}$ of gestation in Flanders, Belgium (February 2010 to December 2016) ENVIR*ON*AGE (ENVIRonmental influence *ON* early AGEing) birth cohort.

Table 1 lists characteristics in the first column and their corresponding mean plus or minus SD or n percentage values are listed in the other columns.

  Characteristic                                                                          $\text{Mean} \pm \text{SD}$ or $n$ (%)
  --------------------------------------------------------------------------------------- ----------------------------------------
  Newborns                                                                                
   Birth weight, g                                                                        $3,455 \pm 440$
   Sex                                                                                    
    Girls                                                                                 529 (48.0)
   European-Caucasian                                                                     958 (86.9)
   Gestational age                                                                        
    37 wk                                                                                 57 (5.2)
    38 wk                                                                                 158 (14.3)
    39 wk                                                                                 316 (28.7)
    40 wk                                                                                 414 (37.5)
    41 wk                                                                                 158 (14.3)
   Season of birth                                                                        
    Winter                                                                                253 (22.9)
    Spring                                                                                275 (24.9)
    Summer                                                                                271 (24.6)
    Autumn                                                                                304 (27.6)
   Plasma vitamin D, ng/mL[^*a*^](#TF2){ref-type="table-fn"}                              24.5 (13.1)
  Mothers                                                                                 
   Age, years                                                                             $29.3 \pm 4.5$
   BMI, ${{kg}/m}^{2}$                                                                    $24.6 \pm 4.7$
   Education                                                                              
    Low                                                                                   124 (11.2)
    Middle                                                                                421 (38.2)
    High                                                                                  558 (50.6)
   Smoking status                                                                         
    Never smoker                                                                          709 (64.3)
    Former smoker                                                                         264 (23.9)
    Current smoker                                                                        130 (11.8)
   Pregnancy complications                                                                139 (12.6)
   Cesarean section                                                                       43 (3.9)
   Parity                                                                                 
    1                                                                                     575 (52.1)
    2                                                                                     396 (35.9)
    $\geq 3$                                                                              132 (12.0)
   Physical activity[^*b*^](#TF3){ref-type="table-fn"}                                    
    Low                                                                                   330 (31.5)
    Middle                                                                                223 (21.3)
    High                                                                                  495 (47.2)
   Fruit and vegetables consumption[^*c*^](#TF4){ref-type="table-fn"}                     
    $< 1\text{ \ portion}/\text{day}$                                                     120 (11.1)
    1 portion/day                                                                         331 (30.8)
    2 portions/day                                                                        404 (37.6)
    $\geq 3\text{ \ portions}/\text{day}$                                                 221 (20.5)
   Weekly mean temperature, °C[^*d*^](#TF5){ref-type="table-fn"}                          10.8 (1.0 to 19.6)
   Weekly mean ${PM}_{2.5}$ exposure, ${\mu g/m}^{3}$[^*d*^](#TF5){ref-type="table-fn"}   12.6 (4.2 to 30.1)
   Plasma vitamin D, ng/mL[^*e*^](#TF6){ref-type="table-fn"}                              17.5 (9.3)
  Fathers                                                                                 
   Age, years                                                                             $31.7 \pm 5.1$

Note: Education was low when no degree was obtained, middle when a high school degree was obtained, and high when a college or university degree was obtained. Pregnancy complications include the presence of one or more conditions, including gestational diabetes, hypertension, infectious disease, preeclampsia, vaginal bleeding, and hyper- or hypothyroidism. BMI, body mass index; CI, confidence interval; European-Caucasian: three or more grandparents of European descent; ${PM}_{2.5}$, particulate matter with aerodynamic diameter $\leq 2.5\;\mu m$; SD, standard deviation.

Data missing on $n = 166$.

Data missing on $n = 55$ and defined as low when active (at least 20 min) less than once a week, middle when active once a week, and high when active two or more times a week during pregnancy.

Data missing on $n = 27$.

Presented as weekly means (5th to 95th percentiles) and for 36 wk of gestation. Temperatures were derived from the Belgian Royal Meteorological Institute, and ${PM}_{2.5}$ was modeled at the maternal residential address.

Data missing on $n = 339$.

###### 

Temperature characteristics of the first week of conception (in °C) for the entire population and presented by season of conception for participants of the ENVIR*ON*AGE (ENVIRonmental influence *ON* early AGEing) birth cohort.

Table 2 lists period in the first column; the corresponding number, mean, SD, and 5th to 95th percentile values are listed in the other columns.

  Period              $n$     Mean   SD    5th to 95th percentiles
  ------------------- ------- ------ ----- -------------------------
  Entire population   1,103   10.6   6.0   0.96 to 19.4
  Winter              299     4.3    3.6   $- 2.4$ to 9.2
  Spring              252     12.9   3.6   6.5 to 18.4
  Summer              276     17.0   2.6   13.5 to 22.2
  Autumn              276     8.2    4.1   1.4 to 14.7

Association between Prenatal Temperature Exposure and Newborn Telomere Length {#s3.2}
-----------------------------------------------------------------------------

The nonlinear relationships of cord blood and placental TL with ambient temperature exposure for different gestational weeks (obtained by the natural cubic spline DLNM) are provided in Figures S1 and S2. The combination of temperatures minimizing the residual deviance in the double-threshold DLNM for cord blood TL were 5.0°C (cold threshold) and 19.5°C (heat threshold). These thresholds correspond to the 18th and 95th percentiles of the temperature distribution, respectively. Lag-specific (weekly) DLNM estimates of the difference in cord blood TL associated with a 1°C increase above the heat threshold and with a 1°C decrease in weekly ambient temperature below the cold threshold are presented in [Figure 1](#f1){ref-type="fig"}. An increase in weekly ambient temperature above the heat threshold was associated with a shorter cord blood TL from gestational week 14 to 36 ([Figure 1A](#f1){ref-type="fig"}). The association of a 1°C increase was strongest at week 36 (3.29% shorter TL; 95% CI: $- 4.67$, $- 1.88$) and the weakest at week 14 of gestation (1.04% shorter TL; 95% CI: $- 1.84$, $- 0.23$). Averaging the weekly effect estimates over the entire pregnancy showed that each 1°C increase in ambient temperature above the heat threshold was associated with 1.49% (95% CI: $- 2.7$, $- 0.90$) shorter cord blood telomeres ([Table 3](#t3){ref-type="table"}).

![Heat and cold effect estimates on cord blood telomere length (TL). Week-specific estimates provided as percent (%) differences in average relative TL \[with 95% confidence interval (CI)\] for a 1°C increase in ambient temperature above the heat threshold (19.5°C) for associations with heat (A), and a 1°C decrease in ambient temperature below the cold threshold (5.0°C) for associations with cold (B). Models were adjusted for date of delivery, gestational age, maternal prepregnancy body mass index (BMI), maternal age, paternal age, newborn sex, newborn ethnicity, season of birth, parity, maternal smoking status, maternal education, pregnancy complications, maternal particulate matter with aerodynamic diameter $\leq 2.5\;\mu m$ (${PM}_{2.5}$) exposure, and batch.](ehp-127-117001-g001){#f1}

###### 

Comparison between average prenatal effect estimates and average postnatal effect estimates for the association between ambient temperature and newborn telomere length (TL).

Table 3 lists model and total number in the first and second columns, respectively. The corresponding percentage difference (95 percent C I) for heat effect and cold effect are listed in the other adjacent columns.

  Model              $n$     Percent difference (95% CI)     
  ------------------ ------- ------------------------------- -----------------------
  Cord blood                                                 
   Prenatal model    1,103   $- 1.49$ ($- 2.07$, $- 0.90$)   0.37 (0.23, 0.51)
   Postnatal model   1,103   0.13 ($- 0.55$, 0.81)           0.04 ($- 0.08$, 0.16)
  Placenta                                                   
   Prenatal model    1,103   $- 0.84$ ($- 2.77$, 1.13)       0.76 (0.47, 1.06)
   Postnatal model   1,103   $- 0.09$ ($- 2.14$, 1.99)       0.45 (0.18, 0.73)

Note: Estimates are averaged week-specific estimates over the entire prenatal period (36 wk after conception) and postnatal period (36 wk after delivery). Estimates provided as a percent difference \[95% confidence interval (CI)\] in TL for a 1°C increase in ambient temperature above the heat threshold (19.5°C for cord blood and 21.5°C for placenta) for associations with heat and a 1°C decrease in ambient temperature below the cold threshold (5.0°C for cord blood and 2.5°C for placenta) for associations with cold. Models were adjusted for date of delivery, gestational age, maternal prepregnancy body mass index (BMI), maternal age, paternal age, newborn sex, newborn ethnicity, season of birth, parity, maternal smoking status, maternal education, pregnancy complications, maternal particulate matter with aerodynamic diameter $\leq 2.5\;\mu m$ (${PM}_{2.5}$) exposure, and batch.

Among similar lines, a decrease in ambient temperature under the cold threshold was associated with longer telomeres from gestational weeks 1 to 24 ([Figure 1B](#f1){ref-type="fig"}). The association of a 1°C decrease in weekly ambient temperature was strongest at week 10 (0.72% longer TL; 95% CI: 0.46, 0.97) and the weakest at week 24 (0.23% longer TL; 95% CI: 0.00, 0.45). Averaging the weekly effect estimates over the entire pregnancy showed that each 1°C decrease in ambient temperature below the cold threshold was associated with 0.37% (95% CI: 0.23 to 0.51) longer cord blood telomeres ([Table 3](#t3){ref-type="table"}).

Estimated cold (2.5°C) and heat thresholds (21.5°) for placental TL correspond to the 9th and 98th percentiles of the temperature distribution, respectively. Similar to cord blood TL, a decrease in ambient temperature below the cold threshold was associated with longer placental telomeres in weeks 3 to 34 of gestation (Figure S3B). Averaging the weekly effect estimates over the entire pregnancy showed that each 1°C decrease in ambient temperature below the cold threshold was associated with 0.76% (95% CI: 0.47, 1.06) longer placental TL ([Table 3](#t3){ref-type="table"}). However, depending on the gestational week, an increase in temperature above the heat threshold showed a positive or negative association with placental TL (Figure S3A), but no averaged effect was observed over the entire pregnancy ([Table 3](#t3){ref-type="table"}).

In models exploring the associations between newborn TL and postnatal exposures, no significant averaged effect estimates over the postnatal period (36 wk after delivery) were observed for the association of postnatal temperature exposure above and below the heat and cold thresholds with cord blood TL. For placenta, no significant heat effect estimates were observed, and a weaker association with postnatal temperatures below the cold threshold was observed compared with the prenatal cold effect estimates ([Table 3](#t3){ref-type="table"}).

Sensitivity Analyses {#s3.3}
--------------------

The robustness of our findings in cord blood TL was evaluated by comparing the average of the weekly estimates over the entire pregnancy in the main model with those from several sensitivity analyses ([Table 4](#t4){ref-type="table"}). Our results remained robust for model adjustments to relative humidity, month of delivery, maternal fruit and vegetables consumption, maternal physical activity, maternal and cord blood plasma vitamin D levels, and cord blood cell counts. Exclusion of non-European newborns, mothers with low education levels, current and former smokers, and mothers who experienced a pregnancy complication or underwent a cesarean section did not alter our results. Temperature was associated with newborn TL in both boys and girls. Sensitivity analyses for the placental models are provided in Table S1.

###### 

Sensitivity analyses for cord blood telomere length (TL).

Table 4 lists model and total number in the first and second columns, respectively. The corresponding percentage difference (95 percent C I) in cord blood TL for heat effect and cold effect are listed in the other adjacent columns.

  Model                                                                               $n$     Percent difference (95% CI) in cord blood TL   
  ----------------------------------------------------------------------------------- ------- ---------------------------------------------- -------------------
  Main model                                                                          1,103   $- 1.49$ ($- 2.07$, $- 0.90$)                  0.37 (0.23, 0.51)
  Unconstrained lag structure                                                         1,103   $- 1.54$ ($- 2.15$, $- 0.92$)                  0.34 (0.20, 0.48)
  Adjustment for month of delivery                                                    1,103   $- 1.89$ ($- 2.51$, $- 1.26$)                  0.44 (0.30, 0.59)
  Adjustment for humidity                                                             1,103   $- 1.81$ ($- 2.49$, $- 1.12$)                  0.38 (0.23, 0.53)
  No ${PM}_{2.5}$ adjustment                                                          1,103   $- 1.22$ ($- 1.80$, $- 0.64$)                  0.20 (0.09, 0.31)
  Adjustment for fruit and vegetables consumption[^*a*^](#TF9){ref-type="table-fn"}   1,076   $- 1.52$ ($- 2.12$, $- 0.92$)                  0.38 (0.24, 0.52)
  Adjustment for physical activity[^*b*^](#TF10){ref-type="table-fn"}                 1,048   $- 1.46$ ($- 2.06$, $- 0.85$)                  0.35 (0.20, 0.49)
  Adjustment for cord plasma vitamin D[^*c*^](#TF11){ref-type="table-fn"}             937     $- 1.16$ ($- 1.80$, $- 0.52$)                  0.32 (0.17, 0.46)
  Adjustment for maternal plasma vitamin D[^*d*^](#TF12){ref-type="table-fn"}         764     $- 1.16$ ($- 1.90$, $- 0.41$)                  0.32 (0.16, 0.47)
  Adjustment for cord blood cell counts[^*e*^](#TF13){ref-type="table-fn"}            847     $- 1.54$ ($- 2.23$, $- 0.85$)                  0.39 (0.23, 0.54)
  Excluding non-European                                                              958     $- 1.53$ ($- 2.16$, $- 0.90$)                  0.43 (0.29, 0.58)
  Excluding low educated                                                              979     $- 1.60$ ($- 2.23$, $- 0.97$)                  0.40 (0.25, 0.55)
  Excluding current and former smokers                                                709     $- 1.61$ ($- 2.36$, $- 0.85$)                  0.41 (0.23, 0.59)
  Excluding pregnancy complications                                                   964     $- 1.58$ ($- 2.20$, $- 0.96$)                  0.40 (0.25, 0.54)
  Excluding cesarean sections                                                         1,060   $- 1.48$ ($- 2.07$, $- 0.88$)                  0.37 (0.24, 0.51)
  Excluding all of the above                                                          471     $- 2.19$ ($- 3.10$, $- 1.27$)                  0.54 (0.32, 0.75)
  Newborn boys                                                                        574     $- 1.74$ ($- 2.59$, $- 0.88$)                  0.40 (0.20, 0.59)
  Newborn girls                                                                       529     $- 1.22$ ($- 2.07$, $- 0.37$)                  0.32 (0.12, 0.52)

Note: Estimates are averaged week-specific estimates over the entire pregnancy. Estimates provided as a percent difference \[95% confidence interval (CI)\] in TL for a 1°C increase in ambient temperature above the heat threshold (19.5°C) for associations with heat and a 1°C decrease in ambient temperature below the cold threshold (5.0°C) for associations with cold temperatures. Models were adjusted for date of delivery, gestational age, maternal prepregnancy body mass index (BMI), maternal age, paternal age, newborn sex, newborn ethnicity, season of birth, parity, maternal smoking status, maternal education, pregnancy complications, maternal particulate matter with aerodynamic diameter $\leq 2.5\;\mu m$ (${PM}_{2.5}$) exposure, and batch. The season of birth was removed from the model adjusting for month of delivery.

Missing data on $n = 27$.

Missing data on $n = 55$.

Missing data on $n = 166$.

Missing data on $n = 339$.

Adjusted for white blood cells ($\log_{10}$ count), neutrophils (%), lymphocytes (%), monocytes (%), and eosinophils (%); missing data on $n = 256$.

Discussion {#s4}
==========

TL at birth is a major contributor to adult TL ([@c6]). Therefore, unraveling the environmental determinants of TL at birth is important in the context of the developmental origins of health and disease. In our prospective birth cohort study, including more than 1,000 mother--newborn pairs, we found that in a temperate climate, gestational exposure to higher ambient temperature was associated with shorter cord blood TL at birth. In addition to the negative association between heat and newborn TL, we estimated a positive association between cold and TL. A decrease in temperature below a cold threshold was associated with both longer cord blood and placental TLs. Our results shed a new light on indirect prenatal risks of climate change, which may have further consequences in later life. Investigations show that climate change has the potential to result in a substantial increase in temperature-related mortality in most regions ([@c33]). In these projections, the potential risk of the prenatal exposures on markers of longevity should be further considered.

The importance of our findings are underscored by the observation that early-life TL may relate to life expectancy as observed in an animal-based study on zebra finches ([@c35]), and secondly, by the observation that initial TL predicts later-life TL and therefore may be indicative of the susceptibility to later-life TL-associated diseases ([@c4]; [@c5]; [@c6]). Indeed, recently, it has been shown that TL measured at birth determines a person's TL measured approximately 20 y later in life ([@c6]).

Two lines of evidence support our current molecular epidemiological associations in newborns. First, studies in both poikilotherm and homeotherm animals suggest a link of increased temperature exposures and increased body temperature with decreases in lifespan ([@c14]; [@c36]; [@c43]; [@c83]). In transgenic mice (overexpression of the uncoupling protein 2 in hypocretin neurons, Hcrt-UCP2) with a lower body temperature of 0.3°C $- 0.5{^\circ}C$, and independent of caloric intake, the median lifespans increased 12% in males and 20% in females, indicating a clear relationship between temperature and longevity ([@c15]). Second, epidemiological evidence suggests that season of birth predicts health and disease conditions later in life. For instance, based on population data for Austria, Denmark, and Australia, the month of birth and remaining life expectancy at age 50 were found to be related, with higher life expectancy for people born in winter ([@c20]). In addition, cold ambient temperatures during gestation are predicted to lead to longer lifespans of males ([@c12]). In the Baltimore Longitudinal Study of Aging, a higher survival rate of men (age range: 19--95 y) in the lower half of the body temperature distribution was observed compared with men in the upper half ([@c66]). Evidence whether ambient temperature exposure may alter core body temperature is rather limited, although a study of women exposed for 48 h at 27°C showed a significant increase in skin and body temperature ([@c76]). Clear metabolic alterations have been observed in relationship to low ambient temperature exposures. Independently of seasonal fluctuations, exposures to cold environments induce brown adipose tissue abundance and activity, impacting energy and substrate metabolism ([@c47]). Also, it has been shown that acute cold exposure may have immune-stimulating effects ([@c10]; [@c38]), and may both induce and reduce inflammatory responses ([@c27]; [@c34]).

How can we explain our observations? During pregnancy, both alterations in maternal core body temperatures, as well as exposures to extreme ambient temperatures, are related to adverse neonatal outcomes. Ambient exposures to both low and high temperatures have been associated with preterm birth and birth weight, although inconclusive results have been reported ([@c73]). As reviewed by Edwards et al. ([@c21]) maternal--fetal heat exchange mechanisms may lead to potential adverse effects of heat on birth outcomes, including embryonic death, abortion, growth retardation, and developmental defects. Different identified biological and molecular processes may underlie the adverse effects of heat on both mothers and newborns. Heat exposure may induce heat cytotoxicity, coagulopathies, and systemic inflammation responses, as it is associated with elevated production of proinflammatory cytokines ([@c50], [@c51]). Upon heat exposure, increased muscle and skin blood flow has been observed in order to increase heat loss, which is compensated with decreases in blood flow in other parts of the human body, including visceral organs ([@c28]). A reduced maternal blood flow may affect the maternal--fetal exchange of nutrients and heat, which may lead to the adverse effects observed in newborns upon heat exposure, including reduced fetal growth and a lower birth weight ([@c46]). This potential mechanism relies on animal-based studies, which suggest that chronic heat stress reduces placental weight and decreases uterine and umbilical blood flow, leading toward a reduction in both oxygen and glucose transportation to the fetus ([@c78]).

The exact mechanisms underlying potential effects of heat exposure on the telomere biology system are still rather unclear. The aforementioned heat-induced biological mechanisms, however, support the inverse association between high ambient exposure and TL in our study population, as telomeres have been associated with inflammatory pathways ([@c42]). A recent animal-based study of Siberian sturgeon showed that a 1-month heat exposure to 30°C was associated with 15% shorter telomeres ([@c70]). Heat stress has been shown to influence telomere integrity, and the shortening of telomeres in yeast cells after heat exposure has been shown ([@c65]). Heat shock induces the expression of heat shock factor 1, and this induces TElomeric Repeat containing RNA (TERRA) transcription, which protects against heat-induced telomeric integrity alterations, indicating clear heat effects on the telomere biology system ([@c45]). In addition, human telomerase activity has been shown to be temperature dependent, with maximum activity at 37°C under experimental conditions ([@c74]). Our finding that longer telomeres are associated with decreasing temperatures below a cold threshold are indicative of a protective effect of cold exposure on TL. Along similar lines, caloric restriction may increase lifespan, and underlying effects include reduced body temperatures, lower metabolic rates, and alteration of the oxidative stress states ([@c71]).

Our results showed similar associations for cold with both cord blood and placental TL, with a slight difference in time windows during pregnancy. In contrast, we only observed an overall negative association (averaged over the entire pregnancy) between heat exposure and cord blood TL but not with placental TL. Regarding the latter, we need to acknowledge that our results of heat estimates in placenta should be interpreted with caution because we only have a low number of observations above the heat threshold (21.5°C). This is supported by the variable results for placental TL associations above the heat threshold in several sensitivity analyses and differences observed in the sex-specific analysis. Furthermore, we identified several differences in time windows for the cold and heat estimates in cord blood and placenta, and these might be different, first due to different cold and heat thresholds that were identified, which minimized the residual deviance in the double-threshold DLNM, and second, by differences in TL regulation in different tissues. We observed stronger associations with heat in cord blood late in pregnancy, which may be indicative of a decrease in heat stress--related compensating mechanisms making the telomere system more vulnerable to heat exposure late in gestation. We currently can only speculate about the biological meanings behind these observations, as this is the first report on ambient temperature and TL in humans. Although it has been shown that the telomere system is plastic *in utero*, and especially in early embryogenesis, strong changes in TL have been observed ([@c67]). Lengthening of telomeres were observed in early cleavage mice embryos ([@c53]), and in humans, a shortening in TL was observed around 6 wk of gestation with maintenance of length later throughout gestation ([@c13]; [@c80]). In conjunction with these observations, telomerase activity is high during embryonic and fetal development but decreases throughout gestation ([@c13]; [@c75]). These dynamics in fetal telomere biology may therefore differentially interact with and respond to environmental exposures, which may, to some extent, account for the different vulnerability periods of telomeres during gestation. Furthermore, other TL-regulating factors, as stated previously, including telomerase activity and TERRA expression, may be temperature sensitive, and further investigation of these factors may help researchers gain insights in the understanding of vulnerable periods for telomeres to heat or cold exposures. Lastly, TL is regulated by epigenetic factors ([@c9]), and alterations in fetal epigenetic marks, especially subtelomeric methylation, may be important in setting TL ([@c64]). In this regard, ambient prenatal temperature during the first trimester was associated with the placental density of DNA methylation distribution ([@c1]).

Other factors related to ambient temperature exposure that are associated with TL, including diet ([@c18]) and physical activity ([@c2]), might explain the observed associations. However, adjusting for maternal physical activity and fruit and vegetables consumption did not alter our results. Furthermore, ambient temperature is strongly associated with light or sun exposure, and several factors related to sun and light exposure, including vitamin D levels or psychological mood alterations and stress, may be important factors in our observations. This because maternal vitamin D status has been associated with newborn TL ([@c44]) and mood disorders ([@c58]) have been linked with TL. These factors may warrant further attention, and in this regard, we were able to adjust our models, in a smaller subset, for maternal plasma and cord blood plasma vitamin D levels, and showed that our associations were independent of maternal or newborn vitamin D status.

This study has several strengths. First, we were able to assess the association between newborn TL and ambient temperature in a large-sample-size cohort of more than 1,000 newborns in two matrices. Second, we were able to adjust for important potential confounders including parental age, newborn sex, ethnicity, gestational age, maternal prepregnancy BMI, education, smoking status, parity, pregnancy complications, air pollution exposure, and season of birth. In addition, our estimates were found to be robust to changes in model specifications and exclusions of specific population groups. Third, by applying a double-threshold DLNM, we were able to identify cold and heat thresholds and critical periods during pregnancy for the association between newborn TL and ambient temperature exposures. Fourth, our study population is generalizable, as it is representative of the gestational segment of the population at large ([@c41]). Fifth, our recruitment area is uniform for temperature due to very small differences in altitude (ranging from 10 to $150\; m$ above sea level) and latitude (distance between the most southern and northern part, $\sim 70\;{km}$) with a maximum spatial variation of 0 to 1.5°C observed based on monthly temperatures (Belgian Royal Meteorological Institute). This study needs to be interpreted within the following limitations. First, more accurate temperature measurements, such as personal exposures to ambient temperature and measures of body temperature, were not available. We acknowledge that pregnant women may spend a lot of their time indoors, where temperatures may be different from the ambient measured temperatures because of the use of air-conditioning and/or heating. This was not taken into account, as no information was available on time spent indoors or on the use of air-conditioning and heating. On warm days, however, outdoor temperature may be a better reflection of the actual exposure, since the proportion of houses equipped with air-conditioning in Belgium is relatively low. We also did not have information on the occurrence of maternal fever during pregnancy. Second, our results may only be generalizable for regions with a climate similar to our study population, especially regarding the identified heat and cold thresholds. Belgium is classified as a Cfb climate using the Köppen-Geiger climate classification ([@c62]). This climate is characterized as a temperate climate without a dry season and with a warm summer, and is referred to as an oceanic climate (with a monthly mean temperature below 22°C in the warmest month and above 0°C in the coldest month). This climate is representative for western European countries and other regions in southeastern Australia, Tasmania, New Zealand, and North and South America. Therefore, other heat and cold thresholds may be assumed for other populations, as acclimatization and different adaptation responses may apply for different population and climate conditions ([@c32]). Third, we used the qPCR method, and our TL values are not directly comparable with other studies using qPCR; this is because normalization and the use of a reference (standard) sample are different across studies ([@c52]). Also, we expressed TL as a relative measure rather than an absolute measure that could be obtained with, for example, the terminal restriction fragment (TRF) method; therefore, we cannot translate our findings to actual telomere base pairs. In addition, a nonlinear association may exist between TLs measured with qPCR and TRF ([@c3]), making it more difficult to compare our estimates in terms of cord blood telomere base pairs measured with TRF ([@c26]). Nevertheless, we observed large effect estimates for cord blood TL in association with temperatures above the heat threshold (e.g., the largest estimate of a 3.29% reduction in TL with 1°C increase at week 36 of gestation). These estimates should be regarded with caution, as they represent the associations for increments in temperatures above a heat threshold defined as 19.5°C in weekly average temperatures, which represents the 95th percentile of the temperature distribution. These increments above the thresholds will not take place for an individual at each week of pregnancy. To put our estimates into context with other studies using newborn TL as measured with qPCR and expressed as percent difference, it has been shown that a doubling in maternal urinary cadmium and maternal urinary arsenic resulted in 6.83% shorter and 5.75% longer cord blood TL, respectively ([@c72]; [@c82]). Furthermore, an increment of $10\text{ \ ng}/{mL}$ folate is associated with 5.8% longer cord blood TL ([@c23]). A study by Bijnens et al. showed that a twofold increase in distance to a major road was associated with 5.32% longer placental TL ([@c7]). In the ENVIR*ON*AGE birth cohort, we previously showed that a $1{\,{kg}/m}^{2}$ increase in prepregnancy BMI was associated with 0.50 and 0.66% shorter cord blood and placental TL, respectively, and that a $5{\,\mu g/m}^{3}$ increment in ${PM}_{2.5}$ over the entire pregnancy was associated with 8.8% and 13.2% shorter cord blood and placental TL, respectively ([@c56], [@c55]). Fourth, our associations may gain strength in case no associations are observed when using postnatal exposures (a so-called negative control). However, due to the high temporal correlative nature of ambient temperatures, the presence of postnatal associations cannot be ruled out. Nevertheless, we evaluated the associations between postnatal temperatures (36 wk after delivery) and cord blood and placental TL ([Table 3](#t3){ref-type="table"}). We did not observe significant average effect estimates for postnatal temperatures (heat and cold models) and cord blood TL. In addition, we observed a less strong association with postnatal temperatures below the cold threshold in placenta and no associations with temperatures above the heat threshold. This strengthens our findings to some extent, especially on cord blood telomeres. Finally, as newborn TL may be highly heritable and determined by parental TL ([@c26]), the potential mediating effect of parental TL on the observed association should warrant further evaluation. Unfortunately, this mediation could not be evaluated in the ENVIR*ON*AGE study because data on parental TLs were not available.

How our results may be translated to later-life health and diseases can only be speculated at this moment; therefore, prospective follow-up studies are needed to fully understand later-life consequences in relationship to initial TL. However, it has been hypothesized that TL at birth may not fully represent the start point of a biological aging clock, as this may imply that the clock is set at zero at birth ([@c25]). This latter is unlikely, as a high variation in TL at birth is observed ([@c26]), and therefore, TL at birth may represent or underlie disease susceptibility, and an interplay between long and short telomeres may be predictive for the risk of developing cancers or cardiovascular diseases later in life ([@c25]).

Conclusions {#s5}
===========

Exposure to ambient temperature during pregnancy may be an important environmental factor associated with the fetal programming of telomere biology. Prenatal exposure to low ambient temperatures was associated with longer TL, suggesting potential protection against future cardiovascular disease development, and this may relate to increased longevity. In line with this, exposure to high temperatures was associated with shorter cord blood TL, which adds to the known adverse effects of heat exposures during pregnancy. Our results add to the growing body of evidence that climate change and the subsequent temperature rise will negatively affect human health, even from birth onward. TL at birth may predict later-life health, and our study indicates that the origins of diseases may, to some extent, result from prenatal ambient temperature exposures. Reducing the rate of global warming, which will lead to decreased frequencies of the predicted extreme exposures, may enhance overall life expectancy and quality and may promote molecular longevity from birth.
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